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Abstract 

Tetraiodothyroacetic acid (tetrac) and its nanoparticulate formulation induce apoptosis in cancer cells, oppose 
angiogenesis about xenografted human tumors and block cancer cell repair of double-stranded DNA breaks. 
These nongenomic actions of tetrac are initiated at a tetrac-thyroid hormone receptor on plasma membrane 
integrin v3. In this review, we examine additional anti-cancer activities of tetrac formulations at v3 and 
what is known about their mechanisms. These activities include 1) reversal of cancer cell chemoresistance (= 
induction of chemosensitization) and 2) disruption of crosstalk between v3 and nearby cell surface growth 
factor receptors. In addition, nanoparticulate tetrac 3) alters expression of differentially-regulated 
inflammation-relevant genes that may be important to inflammation-supported cancer. For example, the agent 
downregulates genes whose products mediate cytokine responses and upregulates suppressor of cytokine 
signaling, SOCS4. Such actions of tetrac formulations define a multi-target functional profile, although the 
activities of tetrac begin at a single anatomic plasma membrane receptor on integrin v3. 
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1. Introduction 

A thyroid hormone on plasma membrane integrin v3 initiates the actions of the hormone and certain 
analogues on angiogenesis (Bergh et al., 2005; Davis et al., 2009), on tumor cell proliferation (Rebbaa, 2008; 
Yalcin, Bharali et al., 2010; Yalcin et al., 2010; Meng et al., 2011) and on cancer cell radiosensitivity (Hercbergs 
et al., 2009; Hercbergs et al., 2011). These effects are initiated nongenomically, i.e., are independent of the 
classical nuclear receptor for thyroid hormone (TR) (Cheng et al., 2010), and may have downstream intracellular 
consequences that involve specific protein trafficking (Cao et al., 2009) and modulation of expression of specific 
genes involved in cancer cell survival pathways. Covalently bound to a biodegradable nanoparticle that is unable 
to access the interior of the cell, a thyroid hormone derivative, tetraiodothyroacetic acid (tetrac), acts exclusively 
at a receptor site on integrin v3 (Bergh et al., 2005) to block actions of L-thyroxine (T4) and 3, 5, 
3’-triiodo-L-thyronine (T3) on new blood vessel formation and cancer cell division (Davis, et al., 2009; Davis et 
al., 2011); However, nanoparticulate tetrac (nanotetrac) and, to a lesser extent, unmodified tetrac have a panel of 
cancer-relevant actions in the absence of T4 and T3 (Lin et al., 2011; Davis et al., 2011). These actions include 
modulation of tumor cell chemosensitivity (Rebbaa, A., et al., 2008), disordering of crosstalk between the 
integrin and nearby receptors for vascular endothelial growth factor (VEGF) (Mousa et al., 2005, 2008; Luidens 
et al., 2010) and epidermal growth factor (EGF) (Lin et al., 1999; Shih et al., 2004), and antagonism of 
components of the inflammatory process that may be important to cancer cell biology. This review is focused on 
these lesser known actions of thyroid hormone analogues at integrin v3 beyond effects on cancer cell 
proliferation/apoptosis and angiogenesis. 
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2. Thyroid Hormone and Cancer Cell Chemosensitivity 

A critical defense of tumor cells against chemotherapy is the ability of several well-studied plasma membrane 
pumps to export anti-cancer drugs taken up by the cells, thus reducing the intracellular residence time of the 
agents (Baumert & Hilgeroth, 2009; Sharom, 2008). Rebbaa et al. (2008) have shown that tetrac increases the 
intracellular residence time of doxorubicin in chemoresistant human breast MCF-7 cells, thus restoring 
chemosensitivity to this agent. Because efflux pumps-e.g., P-glycoprotein (P-gp) and other multidrug resistance 
proteins (MRPs) (Sharom, 2011) are the basis of resistance in tumor cells to certain anti-cancer agents, it was 
proposed that such pump activity was in fact opposed by tetrac. The molecular basis for this chemosensitizing 
action of tetrac has not yet been established, but one possibility is that the known inhibitory effect of tetrac on 
the sodium/proton exchanger (Na+/H+ antiporter) (D’Arezzo et al., 2004) acidifies cancer cells, moving 
intracellular pH away from the optimum of the P-glycoprotein pump. Interference with antiporter function may 
also remove the contribution to protective acidic extracellular pH that is an attribute of solid tumors, although 
other factors such as hypoxia may be more important to maintaining this attribute.  

Other mechanisms of chemosensitization are of course possible and tetrac may chemosensitize by more than a 
single process, since the actions of multiple anti-cancer agents of different structures can be restored by this 
thyroid hormone analogue. These other agents include etoposide, cisplatin and trichostatin A (Rebbaa et al., 
2008), however, and all three relate in one way or another to P-gp. Tetrac also appears to sensitize cancer cells to 
cetuximab, a monoclonal antibody to the epidermal growth factor receptor (EGFR) (Lin et al., 2011) and the 
antibody of course does not depend upon intracellular retention for its effect. We also know that tetrac can 
inhibit basal rate of repair of basal double-strand DNA breaks in tumor cells, as well as DNA breaks in cancer 
cells induced by radiation (Hercbergs et al., 2011). There appears to be a negative correlation between 
double-strand breaks and P-gp expression in tumor cells (Valenzuela et al., 1995). This may be another factor in 
the increased intracellular retention in tetrac-treated cells of chemotherapeutic agents subject to export by this 
pump. 

3. Disruption by Tetrac of Crosstalk between Integrin v3 and Adjacent Growth Factor Receptors 

Prior to the description of the receptor for thyroid hormone and its analogues on integrin v3, nongenomic 
effects of iodothyronines initiated at the cell surface included potentiation of the action of EGF (Lin et al., 1999). 
Inhibition of the action of T4 was obtained with tetrac (Shih et al., 2004). Activities of a variety of vascular 
growth factors, such as VEGF and basic fibroblast growth factor (bFGF) and of EGF, depend upon discrete 
plasma membrane receptors on blood vessel cells for specific growth factors. What studies of the action of tetrac 
at the thyroid hormone receptor on v3 have revealed is affirming evidence for the existence of crosstalk 
between the integrin and receptors for VEGF (Somananth et al., 2009), for FGF and platelet-derived growth 
factor (PDGF) (Mousa, 2010: unpublished observations) and for EGF (Shih et al., 2004). 

It was initially thought that the anti-angiogenic activity of tetrac formulations reflected only the ability of these 
agents to prevent binding of pro-angiogenic T4 or T3 to their receptor on the integrin. However, in the chick 
chorioallantoic membrane (CAM) model of angiogenesis, tetrac and nanotetrac block the actions of VEGF and 
bFGF in the absence of agonist iodothyronines T4 and T3 (Mousa et al., 2008). The molecular basis of this 
anti-angiogenic quality of tetrac has not been established, but the complexing ofv3 with VEGFR (VEGF 
receptor) (Somananth et al., 2009), a receptor tyrosine kinase (Stuttfeld & Ballmer-Hofer, 2009), is reproduced 
with other growth factor receptors, such as PDGFR (Borges et al., 2000), and perhaps with EGFR (Jones et al., 
1997). Such complexing of the integrin with growth factor receptors may be via the cytoplasmic domains of the 
protein (VEGFR2) (Somananth et al., 2009) or extracellular domains (PDGFR) (Borges et al., 2000). The 
interactions of the receptors with the integrin primarily involve facets of the 3 monomer. In addition, 
modulation by thyroid hormone of the angiogenesis-relevant crosstalk between v3 and nearby growth factor 
receptors involves mitogen-activated protein kinase (MAPK; extracellular regulated kinase 1/2, ERK1/2). Thus, 
the communication can involve interactions between adjacent protein domains of the integrin and growth factor 
receptors, as well as ERK1/2-mediated phosphorylation (Lin et al., 1999; Shih et al., 2004). 

The tetrac receptor is located in the extracellular domain of v3 (Cody et al., 2007; Lin et al., 2011) and both of 
the integrin monomers v and 3 contribute to the formation of the hormone/tetrac receptor site. The integrin is 
highly plastic, permitting changes in configurations of the cytoplasmic and extracellular domains of v3 in 
response to protein-liganding that is essential to the transduction of the liganding signal into distinctive (discrete) 
responses. Given the spectrum of growth factor signals-VEGF, PDGF, bFGF, EGF-disrupted by tetrac’s binding 
to the v3, the tetrac receptor must have access to outside-in and inside-out transduction pathways to negate the 
cellular actions of these factors. Downstream (intracellular) transduction of the growth factor signals involves an 
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array of kinases, some of the activities of which (see below) can be modulated by the thyroid hormone-tetrac 
receptor site on v3. 

Topographically, the hormone/tetrac receptor is proximal to the RGD recognition site on v3 (Cody et al., 
2007; Lin et al., 2011). The recognition site modulates integrin interactions with specific ECM proteins (Plow et 
al., 2000) and can be relevant to vascular growth factor activities (Strieth et al., 2006). Crystallographic 
modeling reveals that the thyroid hormone/tetrac receptor site or groove is at the interface of the ‘propeller’ 
region of v and the B domain of 3 (B) at the head of the heterodimeric integrin (Cody, V., et al., 2007; 
Freindorf et al., 2012). The A domain is the principal ligand-binding region of 3. The thyroid hormone 
receptor site has several pockets into which hormone analogues may fit and be recognized sufficiently discretely 
to cause transduction of the molecular signal into downstream specific kinase activities. Pharmacokinetic 
analysis of binding of thyroid hormone analogues to the integrin (Lin et al., 2009) and extensive crystallographic 
modeling (Freindorf et al., 2012) are consistent with existence of two principal hormone analogue-binding 
domains: the S1 domain binds T3 exclusively and activates Src kinase and phosphatidylinositol 3-kinase (PI 3-K) 
activity within the cell; S2 binds both T3 and T4 and transduces hormone signals via MAPK-dependent pathways 
(Lin et al., 2009). The S2 site mediates the cancer cell proliferation effects of T4 in physiological concentrations. 
T3 also causes tumor cell proliferation, but may do so, at least in certain cells (Meng et al., 2011), only in 
supraphysiologic concentrations. Tetrac is an inhibitor of T3-binding and T3-initiated actions at both S1 and S2 
and of T4-binding and its activities at S2 (Lin et al., 2009). 

When studied in several human cancer xenograft models, tetrac or nanotetrac can promptly reduce 
tumor-associated vascularity by 50% (Yalcin et al., 2010; Yalcin et al., 2010; Mousa et al., 2011). This desirable 
effect of tetrac and nanotetrac in the setting of experimental tumor growth is enhanced by other blood 
vessel-relevant activities of tetrac. Acting via the plasma membrane integrin, for example, tetrac formulations 
can induce expression of the thrombospondin 1 (TBSP1, TSP1) gene (Glinskii et al., 2009) that is almost 
invariably suppressed in cancer cells. The TBSP1 protein is an endogenous anti-angiogenic protein. Further, 
tetrac decreases the elaboration of bFGF into the medium by endothelial cells in the CAM model (Davis et al., 
2004). Such elaboration is ordinarily an autocrine support mechanism for angiogenesis. 

Beyond its effect on angiogenesis, EGF is a critical growth factor for a number of types of cancers (Yotsumoto 
et al., 2009) and the development and clinical application of a monoclonal antibody to the EGF receptor (EGFR), 
cetuximab (Mendelsohn & Baselga, 2006), relates to a family of effects of this growth factor. That tetrac 
formulations reduce the effectiveness of EGF via disordering crosstalk between integrin v3-presumably at the 
level of the RGD recognition site-and EGFR is an interesting and potentially useful quality of the compounds. 

Although this discussion is focused on growth factor receptors inserted in the plasma membrane and adjacent to 
v3, we would point out that there is crosstalk between the thyroid hormone-tetrac receptor on v3 and ER 
(Meng et al., 2011) within or at the plasma membrane of human lung cancer cells that express the estrogen 
receptor. In such cells, T4 may function as a growth factor by an ER-dependent pathway that requires 
phosphorylation of ER (Tang et al., 2004).  

4. Mechanisms of Anti-inflammatory Properties of Tetrac 

The inflammatory response depends upon contributions from inflammatory cells, response-modifying cytokines 
and blood vessel growth factors. Thyroid hormone enhances migration in vitro in a Boyden chamber of human 
granulocytes and tumor cells towards cue proteins, such as vitronectin (Mousa: unpublished observations); these 
effects are inhibited by tetrac. The hormone enhances selected biological activities of certain cytokines, 
including interferon- (Lin et al., 1998) and interleukin-1 (IL-1) (Tarjan & Stern, 1995; Kim et al., 1999). As 
noted above, T4 and T3 are pro-angiogenic and such activity locally supports the inflammatory response. In 
contrast, tetrac and nanotetrac are anti-angiogenic via multiple mechanisms. 

We have more recently examined the effect of tetrac and nanotetrac on the expression of differentially-regulated 
genes that are relevant to inflammation (Lin et al., 2012). In these studies conducted in human breast cancer 
(MDA-MD-231) cells, nanotetrac significantly (P <0.05) suppressed expression of 5 of 6 interleukin genes 
examined, including IL-6 and IL-1, but stimulated expression of IL-11, a factor that supports proliferation of 
hematopoietic stem cells and of megakaryocyte progenitor cells. This latter effect is interpreted as clinically 
desirable. The tetrac formulation reduced expression of several interferon response pathway genes, e.g., IRF5, 
but had only a minimally suppressive effect on IRF1. Interferon-regulatory factor 5 (IRF5) protein regulates 
macrophage contributions to inflammation and IRF1 functions as a tumor suppressor gene (Choo et al., 2006); 
thus, these tetrac actions have some coherence. Unmodified tetrac and nanotetrac both stimulated expression of 
SOCS4, the gene product of which is a suppressor of cytokine signaling. Nanotetrac also downregulated 
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expression of the chemokine CX3CL1 (fractalkine). We also know that nanoparticulate tetrac decreases 
expression of the epidermal growth factor receptor (EGFR) gene (Glinskii et al., 2009). EGFR engages in 
crosstalk with other signaling pathways involved in inflammation. The concentrations of tetrac (10-7 M) and 
nanotetrac (10-7 M tetrac equivalent) employed in these gene expression experiments are those previously shown 
to induce apoptosis in cancer cells (Lin et al., 2011). Taken together, these microarray studies indicate that 
nanotetrac has coherent effects on several families of genes whose products contribute to the inflammatory 
response. The effects are anti-inflammatory in pattern and conceptually are desirable from the standpoint of 
minimizing contributions of inflammation to the support or emergence of inflammation-associated cancers. The 
agent is also to be tested against local inflammation, for example, in the joint space, that is not cancer-associated. 

A variety of cancers have inflammatory components to their genesis or maintenance (Yadav et al., 2010; Chow 
et al., 2012). These tumors include those of the prostate (Sfanos & De Marzo, 2012), liver (Sun & Karin, 2011) 
and esophagus (Nicholson & Jankowski, 2011). Anti-cancer agents which also have anti-inflammation effects, 
such as tetrac formulations, have some attractiveness for trial against such tumors. 

5. Discussion 

The actions of tetraiodothyroacetic acid and its nanoparticulate formulation reviewed here are mediated by a 
receptor site on integrin v3 that distinguishes among thyroid hormones or derivatives (Cody et al., 2007; Lin 
et al., 2011). This receptor is required for local effects of iodothyronines that relate to nearby polypeptide 
receptors, such as those for growth factors, and to ion transporters (Cheng et al., 2010; Davis et al., 2011), such 
as the Na+/H+ antiporter. The receptor mediates hormone analogue effects on protein trafficking within cells, 
directing, for example, cytoplasmic TR to the nucleus (Cao et al., 2009). Thyroid hormone can also support 
internalization of v3 and, somewhat surprisingly, nuclear uptake of the v, but not the 3, monomer (Lin et 
al., 2007). The thyroid hormone-tetrac receptor also affects very specific gene expression, as described above in 
this review (Sections 1 and 3). 

The v3 protein is generously expressed on cancer cells and rapidly-dividing blood vessel cells (Hsu et al., 
2007; Lu & Wang, 2012), but is also found on nonmalignant cells and platelets (Nieswandt, B., et al., 2009). The 
protein and its multifold, very specific interactions with extracellular matrix proteins that generate discrete 
intracellular signals are substantial contributors to cancer cell survival and tumor-building. Probing cancer cells 
with v3 antibody eliminated nongenomic actions of thyroid hormone, such as that on angiogenesis (Bergh et 
al., 2005), and also resulted in cells which proved difficult to propagate (Lin, unpublished observations).  

This review is focused on recently-described nongenomic actions of tetrac that are relevant to cancer cells, 
beyond what has been reported regarding actions of tetrac formulations on apoptosis and tumor-related 
angiogenesis (Davis et al., 2011). That tetrac can, in addition to these actions, chemosensitize cancer cells, 
apparently interfere with inflammatory effects that may be important to certain tumors anti-cancer effects and 
disrupt crosstalk between v3 and other cancer-relevant cell surface growth factor receptors reflects potentially 
useful attributes of the agent (see Figure 1).  
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Figure 1. Schematic representation of modulation by the tetrac-thyroid hormone receptor on integrin v3 of 
activities of adjacent vascular growth factor receptors, e.g., VEGFR, and the Na+/H+ antiporter. The 
heterodimeric integrin is a structural protein of the plasma membrane and bears a tetrac-thyroid hormone 
receptor relevant to cancer cell and dividing blood vessel cell biology (Davis et al., 2011). The v and 3 
monomers both contribute to formation of the hormone receptor site on the heterodimer (Cody et al., 2007; 
Freindorf et al., 2012). Binding of thyroid hormone analogues, including tetrac formulations, at the integrin site 
changes levels of activation of pools of extracellular regulated kinase 1/2 (ERK1/2) associated with the 
intracellular domain of the integrin (‘feet’). ERK1/2 modulates activity of the Na+/H+ antiporter (exchanger) 
which pumps H+ out of cells in exchange for Na+ (D’Arezzo et al., 2004), as shown. The authors propose that 
decreased activity of the exchanger in response to liganding of tetrac by v3 acidifies cells; this action may 
reduce pump activity of P-glycoprotein (P-gp) (Sharom 2011), leading to cancer cell retention of 
chemotherapeutic agents usually subject to export by P-gp. Also depicted are possible interactions between the 
integrin and adjacent vascular endothelial growth factor receptor (VEGFR). Binding of thyroid hormone 
analogues by the v3 receptor modulates activity of the ligand (VEGF) at its receptor, but the model is 
applicable to other vascular growth factors and their specific receptors (Borges et al., 2000). Modulation of 
receptor activity may be accomplished by 1) interactions of the extracellular domains of the integrin and growth 
factor receptor or 2) by intracellular interactions of the proteins or factors the intracellular domains control. The 
latter may involve control of release of intracellular ERK1/2 at the cytoplasmic face of the plasma membrane. 
Thus, amplification (by agonist thyroid hormone, such as L-thyroxine) or suppression (by tetrac formulations) of 
the release of a VEGFR-relevant pool of ERK1/2 influences activity of the VEGFR. VEGFR protein is a 
receptor tyrosine kinase.  

 

That formulations of tetrac have this panoply of anti-cancer actions raises the question of whether agonist 
thyroid hormone, e.g., T4 or T3, supports chemoresistance and the inflammatory process. In contrast to tetrac, for 
example, does agonist thyroid hormone enhance activity of MDR pumps? Does agonist hormone support the 
repair of double-strand DNA breaks in cancer cells? Silencing mediator for retinoid and thyroid hormone 
receptor (SMRT) may be relevant to repair of DNA breaks (Yu et al., 2006), but we do not know specifically the 
answers to these agonist thyroid hormone-related questions. We do know that T4 and T3 at physiological 
concentrations are pro-angiogenic (Mousa et al., 2008). T4 at such concentrations supports cancer cell division, 
but action of T3 on cancer cell division is at supraphysiologic levels (Meng et al., 2011). Hypothyroidism with its 
depressed circulating level of T4 may favorably change the clinical course of certain cancers, such as 
glioblastoma (Hercbergs et al., 2003) and perhaps renal cell carcinoma, when pharmacologic hypothyroidism 
complicates tyrosine kinase inhibitor (TKI) treatment of the tumor (Hercbergs et al., 2010; Schmidinger et al., 
2011).  
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Other questions relate to apparently nongenomic actions of thyroid hormone that have not yet been studied in the 
presence of tetrac formulations. For example, thyroid hormone enhances the respiratory burst in white blood 
cells (Mezosi et al., 2005), but we do not as yet know whether tetrac blocks this action. The polymerization of 
actin is essential to structure and mobility of cancer cells and of normal cells and is nongenomically supported 
by T4, but not T3 (Siegrist-Kaiser et al., 1990; Farwell et al., 2005). It is not known whether this hormonal action 
begins at the integrin receptor and whether tetrac opposes the effect. But S. Havaki et al. (2007) have correlated 
v3 distribution in breast cancer cells with thickness of F-actin stress fibers. This would be an interesting 
context in which T4 may be working in tumor cells.  
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